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N.m (ft .lb)

degrees
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Sideslip angle

Wing flap setting

Aircraft pitch attitude

Blade

Rotor tip speed ratio, V/VT

Rotor

Rotor

angle at 75% radius

shaft sideslip angle

rotational speed
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SUMMARY D210-11505-1

This report presents the results of a study whose principal
objective was the development of a mathematical model of a
hingeless rotor for a tilt-rotor aircraft by synthesizing a
set of wind tunnel data obtained on a model of the rotor. A
secondary objective was to incorporate this rotor math model
into a real-time flight simulation model of a hingeless rotor
XV-15 tilt rotor aircraft and determine the effects on the
aircraft trim and stability as compared to a former model de-
veloped under a previous contract.

The wind tunnel data used in the synthesis was obtained on a
1/4.622 scale model of the Boeing Model 222 tilt roter air-
craft tested under an earlier phase of the contract. The test
generated sufficient data to define the rotor behavior over
the range of flight speeds anticipated for the modified Xv-15
aircraft.

The study was aimed at develcping a set of equations that

(1) would represent the rotor behavior as determined by the
wind tunnel test data, (2) could be evaluated rapidly by a
computer so that the computation cycle time requirements of
real-time piloted simulation would be met.

Two approaches to developing the math model equations were
tried before the final method was selected. The first
approach was to apply the techniques of statistical linear
regression to the wind tunnel model rotor data. The second
approach was to develop a simplified analytical model for the
hingeless rotor, correlate the predictions of the analytical
model with the measured data and then use the correlation
functions with the analysis to yield corrected values. These
approaches are presented as appendices.

The actual method adopted was to apply a systematic curve-
fitting procedure. The resulting equations together with an
extensive set of graphs of the rotor derivatives as obtained
from the test data are presented. Numerous plots of the math
model results against the corresponding wind tunnel data are
provided. These show that the math model equations reproduce
the test data very well.

The equations for the rotor were programmed into a previously
developed flight simulation math model of the hingeless rotor
XV-15 and the effect on aircraft trim and stability observed.
It was found that trim is about the same as that calculated

with the former rotor math model. The aircraft control deriva-
tives are sufficiently different, however, that control phasing

and rescheduling are required in order to maximize control
efficiency.
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1.0 INTRODUCTION

In many applications of rotor technology, there arises a need
to be able to compute rotor forces and moments rapidly and
accurately. One such application is real-time flight simula-
tion where the rotor effects must be updated at intervals of
less than 60 milliseconds. Existing finite element programs
or even modal programs which solve the blade dynamic equations
cannot satisfy the requirement for fast computation. 1In
addition, the accuracy of the answers is limited by the so-
phistication of the analytical model, greater accuracy de-

mands more detailed modeling which increases computation time.

Data Bank

One solution that has been used extensively in the past is to
construct a bank of experimental or, less desirably, analytically
derived data. values of rotor hub forces and moments are
then obtained by a rapid search and interpolation procedure at
specified values of the rotor flight parameters. While this
approach may be faster than a purely analytical computation,
the range of flight parameters over which the interpolation
must take place (airspeed, collective, shaft angle of attack,
tip speed, cyclic control) and the need, in some cases, for
quadratic rather than linear interpolation, place large de~
mands on data storage and retrieval.

Functional Representation

A more promising approach is to synthesize the data obtained
from test or analysis into a set of equations for each vari-
able. For example, it may be possible to develop an egquation
for rotor normal force involving basic parameters such as u,
.75+, a,» Ay, By. The resulting equations may be lengthy and
complex, involving products and trigonometric functions of

the basic variables, nevertheless, they can provide a very
rapid means of calculating the forces or moments. The data
synthesis approach may also yield benefits beyond the rapid
reproduction of the data, in that functional relationships of
a general character may be recognized and may be useful in
understanding the physical behavior of the rotor. A further
advantage of having a set of equations to represent the rotc~
forces and moments is that the equations may be used to esti-
mate the behavior of a similar but untested rotor, and provide
guidance in the preparation of a cost-effective wind tunnel
test plan. In fact, once the general form of the equatiors is
established, the wind tunnel testing could be regarded as a
calibration activity.

. 4 e s et 27 S
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Previous Work

The functional synthesis approach was adopted during a recent
study (Reference 1) which involved development of a mathemat-
ical model of the XV-15 aircraft with a hingeless rotor for
piloted simulation. In this study, wind tunnel data on a
full-scale hingeless rotor obtained under a previous phase

of this contract (Reference 2) was reduced to a relatively
simple set of equations. Gaps in the wind tunnel data re-
sulting from pressure of time and limitations on the tunnel
speed were filled by calculation.

Satisfactory experience with this functional model of the
rotor led to the conclusion that it would be worthwhile pro-
ceeding to a more definitive and complete model based on the
extensive data, reported in Reference 3, that was acquired by
testing a 1/4.622 scale model of the same rctor. The develop-
ment of this new functional representation and the definition
of a broad general procedure for performing functional syn-
thesis of rotor test data is the subject of the present report,

Present Studies

Three approcaches were explored. The first was an attempt to
apply multivariable linear regression techniques to the data.
This was motivated by the need to process the large amount of
data available in the shortest time. The attempt met with
limited success and is described in Appendix A. One of the
difficulties encountered using the regression method was in
making the correct choice of regression variables. From the
previous work it was known that functions like ucosa,
p2Crsina, etc. would be required. There are, of course, many
possible combinations of functions of the basic variables
that will yield a satisfactory correlation, and a large fac-
tor in the success of the regression technique is making the
correct choice of functions. It was, therefore, concluded
that theoretical guidance was required. A simplified theo-
retical analysis was then written to identify these functions.
Later; the analysis was tried in a predictor-corrector tech-
nique wherein the theoretical predictions were to be corre-
lated with the test data and a correlation function generated.
This approach was not pursued whean it became evident that the
analysis did not correctly predict trends with advance ratio.
Results of the analysis and the approach are included as
Appendix B.

The approach finally adopted was to develop curve fit equa-
tions for the derivatives 3CNF/3a, 9CNF/9A,, etc. These were
then used to reduce the data to a reference set of values of
Cp, CNF, CsF, etc., that were dependent on thrust coefficient,
advance ratio and angle of attack only. This dependence was
then curve fitted. A full description of the approach to to-
gether with extensive correlations with test data is presented
in Section 3.
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2.0 DATA BASE

The data which forms the basis for the study reported herein
was obtained during extensive tests of a 1/4.622 Froude-scale
model of the Boeing Model 222 tilt rotor aircraft. The test-
ing and results are reported fully in the four volumes com-
posing Reference 3. A brief description of the test and the
nature and extent of the data is provided in this sectior.

Figure 2.1 shows the tilt rotor model installed in the Boeing
Vertol wind tunnel. The test was designed to provide force
and moment data on both the airframe and rotor over the ex-
pected normal range of flight speeds and attitudes. Data was
obtained at seventeen points in the flight spectrum as shown
by Figure 2.2. At each of these points, variations were made
in fuselage angle of attack, yaw arigle, collective pitch,
cyclic pitch, wing flap setting and rotor rpm.

The extend of the data is indicated by Table I, which pre-
sents a summary of the configurations tested. The selection
of test points was made in such a way that a comprehensive
set of data was obtained for all potential flight conditions
from hover through transition to cruise flight at simulated
speeds up to 300 knots. Rotor force and moment data on each
rotor was cobtained from nacelle-mounted balances. The blades
were strain gauged to provide flap and chordwise bending mo-
ment information.

Data Inspection

Before beginning a synthesis of the data, the plotted results
contained in-the four volumes of Reference 3 were inspected
in order to identify possible bad data points attributable to
such effects as zero shifts. This process resulted in a
decision to utilize the data measured on the left-hand rotor
only since the right-hand rotor data was questionable in some
areas due to strain gauge failures. The acceptable portions
of the data on the right rotor were used, however, to cross
check the behavior of the left-hand rotor.

Data points that were called into question were inspected
further using the microfiched records of the balance force
data. As a result of this, the data points were either re-
tained or discarded. The good data points were then punched
out on cards and read into a computer program for formating
and analysis during the next processing step.
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3.0 REDUCTION METHOD AND COMPARISON WITH TEST DATA

Rotor forces and moments (referred to axes fixed in the rotor)
depend on seven independent parameters - collective pitch
(8,75), lateral cyclic (A1), longitudinal cyclic (Bj), shaft
angle of attack (u), rotor sideslip angle (y), rotor rpm and
airspeed. For data reduction purposes it was assumed that
any of the force or moment coefficients cculd be represented
by an equation of the form ’

3CF JCF 3CF
°¢ " Crr * ] (A=A reg) * 3B, (B1=B; ref) * 35 (47%.0¢)

+ 3CF/aw ¢ + acF/aRPM (RPM~RPM (1)

tef)

In this equation, Cpr is the value of the coefficient at
reference values of cyclic, angle of attack and rpm. The
reference values are the nominal values at which the rotor
was first trimmed to minimum blade loads and then collective
pitch varied. Thus the coefficient Cpyp may be written

, RPM
R 1l ref

ref)

The variation of these nominal values with the effective rotor
advance ratio, ucosa, are presented in Figures 3.1 and 3.2.
Deviations from these reference conditions are then accounted
for by the derivative terms.

In order to establish the derivatives 3Cp/3A;, etc, a run-by-
run, data point-by data point inspection of the plots of
Reference 3 was conducted. It was found that quite often
shifts occurred in one or more of the parameters that were to
be held constant. For example, Run 41 was a run in which
lateral cyclic was varied with the rotor at 80° angle of
attack and 80 knots airspeed. For the first six data points,
the longitudinal cyclic (By) was held fixed at 5.0 degrees.
However for data points 7 %hrough 11, the value of B; jumped
by 0.3 degrees. By carefully noting such shifts and by using
only those data points that met the criteria for a derivative,
it was found that a reasonably consistent set of derivatives
could be obtained. The values of the derivatives were plotted
against ucosa and curves hand-faired through the points.

These curves were then fitted by a polynomial in ucosa of the
form

¢F Zai(ucosq)i (3)

S
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where X represents A,, E VY v and rpm. The values of these
coefficients are lis%ed in Tables II through IX. The varia-
tion of the derivatives with ucoea are presented in Figurrs
3.3 through 3.38.

3.1 Determination of the Values of the Coefficients, CFR

The equations for the derivatives, together with *he reference
values of cyclic, angle of attack and rpm obtained from
Figures 3.1 and 3.2 were then used in Equati.zs (1) to ~ompute
values for Cpr for those runs in which collective alone was
varied. The expectation was that the Cpgr could be a linear
function of 6,95 or Cpr. Figures 3.39 through 3.44 present

the results of this procedure and it can be seen that the
expectation of linearity is confirmed.

The next step in the reducticn process was to obtain a set of
equations that would reproduce the behavior of Cpgr vs Cpg at
the different flight conditions, i.e. since

aCPR

o
BCTR

= C C

rR = po * TR ' (4)

the dependence of Cyg and 3Cpr/3CTr, on y must be established.

The values of Cpg and 3Cpgr/3CpR were plotted against using
since previous work indicated that the dependence would be of
the form

CFO = £ (usina,y)

Cop

= £ (ysina,u)

Figure 3.45 shows the result of this for the case of pi:ching
moment at zero thrust, Cpygp. It can be seen that there is
insufficient data at fixed . and different values of a to be
able to establish the form of the functions. Various combina-
tions of usina, ucosa were tried in an attempt to obtain
smooth variations of the Cpp and 3Cyr/3Cpr that would inciude
2ll the data points. Nore was successful. The most satis-
factory approach was to plot the data against u, fair a line
through those points that lay closest to the nominal shaft
angle of attack schedule (Figure 3.1), and then fit an equa-~-
tion to the line. A typical result is shown in Figure 3.46.
This process was repeated for all the rotor force and moment
components.
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D210-11505-1
3.2 Math Model Equations

The final equations for the rotor forces and moments are
lengthy since they are combinations of polynomials in u and
ucosa whose coefficients change depending on which portion of
the range of u or ucosa the rotor is operating in. For this
reason, the entire set of equations will not be presented
here. The equations are given in the form of a small computer
subroutine in Appendix C.

The general equation used to calculate the forces and moments
is Equation (1) viz

CF = CFR + %%% (Al-Al ref) + %E§ (Bl Bl ref) * E%E (a aref)
+ 3Cp/ay ¥ + 3Cp/ORPM (RPM-RPM__ )
where Cor = §§2§; (6.75—60) (5)
T e
Cer T Cp, * ‘a-cﬁ ‘T (6)
+ Sr, T Cwry T zz:zR Crr (7)
Csp, = CsF, * zgiiR (8)
em, = Cemy * 22§§R Crr (9)
Ceg = Cumy " zzziR Crr (10)

in which the quantitles deR/BO + Cpgr 3Cpr/3Cpr, etc,

are obtained from piecewise curve flg equations w1tg y or

ucQSa as argument. The derivatives, 3C /aA ac /aBl,
/aa , etc., are obtained from

aCF _ i
X Zai(uCOSa) (1)

where the a; are listed in Tables II through IX, and are
furnished by the array X(I,J,K) in the subroutine.



PR NN

ar
. wgetl

PR

ST I

D210-11505-1

The equations that define the reference quantities oref,
Alref’ Blref and RPMref' presented in Figures 3-1 and 3-2, are:

o . = 89.72 - 322.82 + 770.412% - 1446.342°> + 1449.92°

ref
- 545.1152° (12)
where
Z = ucosa
= = °
A1ref Blref 5.0 (13)
and the reference rpm is a function of nacelle angle, iN’
RPMref = 1185 iN>45°
= 1185 -~ 7.89(45-1N) iN<45°

The calculation procedure is illustrated by the following
example.

If N<pucosa<.015,

= (11.9332 + 0.882)/1000

60 = -1.5 + 106.6672

and equation (5) yields the reference thrust coefficient C__.
Equation (l11) is now used to calculate the derivatives andTR
eguations (12), (13) and (14) used to compute the reference
quantities. The total thrust coefficient Cp is then calculated

for the given values of cyclic, angle of attack, yaw angle, and
rpm.

For the same range of ucosa the power coefficient at zero

thrust, CPo is

CPo = (.035 - 9.6672)/1000
and

= ,094 - .2672
SCTR
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D210-11505-1
The total power coefficient is then obtained in the same way
as thrust.

If 0<u<.51 the equation for normal force coefficient at zero
thrust, CNFO' is

1000 % Cyp = =1.45 + 1.1164s + 46.159u% + 46.153u°
-4118.750% + 27714.8,° -74786.5 + 89304,
-39318,8 5
and the gradient with thrust coefficient is given by e
g;giﬁ = -.0087 + 2.122y -10.954% -34.52,° + 420,%
-1043u° + 520.8:° + 1029.7 -966,°

Using these guantities in egquation (7) the reference normal
force coefficient is calculated and finally the total normal

force obtained from equation (l1). The same procedures are
used to calculate sideforce, pitching moment and yawing
moment.

3.3 Comparison with the Test Data

The equations described in 3.2 were used to generate estimated
values for the left rotor forces and moments at all the condi-
tions investigated during the entire wind tunnel test. An
extensive series of plots of the estimated and actual forces
and moments were then made.

3.3.1 Collective Sweeps

The first test of the ability of the equations to reproduce
the test data is to see how well the forces obtained during
collective sweeps are estimated, since this is the data which
was the most difficult to collapse. Figures 3.47 through

3.52 present comparisons of estimated and test values of

Cr, Cps Cyp: Cspr Cpy and Cyy, respectively. Thrust is esti-
mated to within 10% of the measured thrust at the same value
of collective pitch. The estimated variation of power coeffi-
cient with thrust coefficient is also satisfactory at all the
test conditions with the exception of hover at high values of
Cp(.013) where the estimate is about 9% too low. Normal force
estimates are also acceptable bearing in mind that, unlike :
power and thrust, normal force is very sensitive to cyclic
and the accuracy achieved depends on how well the values of

9
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the cyclic derivatives are fitted. Similar remarks apply to
the comparisons of estimated and actual values for sideforce,
pitching moment and yawing moment.

3.3.2 Detailed Comparisons at Points in the Transition
Corridor

Figures 3.53 through 3.135 present a detailed comparison of
the estimates obtained from the math model equations with the
test values at three points in a typical tilt rotor transition
corridor:

1. Hover
2. 45 knots and 90 degrees nacelle angle
3. 180 knots and 15 degrees nacelle angle

The comparisons are presented in the form of copies of the
original wind tunnel data plots with the estimated values
superimposed.

In hover, Figures 3.53 to 3.70, the rotor response to lateral
and longitudinal cyclic is estimated very well considering
the degree of scatter that exists in the measured data. The
behavior with collective is reproduced nearly exactly.

For the early transition test condition of 45 knots and 90
degrees nacelle angle, Figures 3.71 to 3.106, the estimated
variation of the forces and moments with lateral cyclic, A3,
is generally in good agreement while the response to longi-
tudinal cyclic, B], is in very good agreement with the ex-
ception that the estimated yawing moment is displaced from

the measured values. The correct slope of yawing moment with
By is predicted correctly, however. The dependence of the
forces and moments on675 is estimated well, again with the
observation that yawing moment is displaced. For those runs
where shaft angle was varied, Figures 3.89 through 3.94, it
can be seen that the math model shows a weak dependence on
shaft angle,a. This is attributed to the use of the parameter
ucosa in the egquations since ucosa changes rapidly near a =

90 degrees. Comparison of the estimated and test behavior

of the data during yaw angle sweeps shows that the effect of
yaw angle is not correctly estimated for normal force and
pitching moment. This defect is probably due to the derivative
curve fit in this region. The effect of rpm changes is
reproduced well.

Figures 3.107 through 3.135 present the comparisons for a high
speed end of transition condition, 180 knots and 15 degrees
nacelle angle. Response to longitudinal cyclic is estimated
extremely well for thrust, normal force, sideforce, pitching
moment and yawing moment. The response of power coefficient

10
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to B) is too exaggerated, however. The angle of attack
sensitivities are reproduced very well and predicted yaw
angle effects are also satisfactory. The effect of rpm vari-
ations are less satisfactory for this condition.

From the comparisons presented here it is concluded that the
curve fit equations reproduce the test data sufficiently
accurately for simulation purposes. The incorporation of the
equations into the simulation math model of Reference 1 and
the results are discussed in the following section.
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4.0 EFFECT ON AIRCRAFT TRIM AND STABILITY

The math model equations for the rotor described in Section

3.0 were incorporated in the simulation model of the hinge-
less rotor XV-15 aircraft. This simulation model is detailed
in Reference 1. The new equations, in the form of the sub-
routine given in Appendix C, replace the set of equations
described in that Reference. An exception is that the pitch
and yaw rate derivatives were retained since the test data on
which the new equations are based does not contain rate effects.

The new rotor eguations yield the forces and moments in a set
of axes fixed in the rotor rather than the wind axes system
used in the former equations. Some existing transformations
from wind to body axes were therefore eliminated and others
added.

4.1 Comparison with the Former Rotor Model

The simulation math model incorporating the new rotor equations
was used to assess the effect of the updated rotor representa-
tion on the trim and stability of the XV-15/hingeless rotor
aircraft and to ascertain whether control schedule changes
would be required. Tables X through XIV present comparisons
of aircraft trim attitude and control settings regquired and
derivatives at selected points in the transition corridor.

From Table X it can be seen that the introduction of the up-
dated rotor representation does not substantially change the
values of trim pitch attitude (2), stick position (6g) or
throttle setting (¢py). The values of lateral (A;) and
longitudinal (B;) cyclic (referred to the classical wind
axes) are changed, however.*® With the new rotor math model,
approximately twice as much lateral cyclic is required and
about half as much longitudinal cyclic. The total cyelic,

VA12+312, is about the same with both rotor representations.

The different cyclic reguirements reflect the different sensi-
tivities to cyclic and angle of attack given by the two models.
Since the new rotor representation has been shown to be in
very good agreement with the test data, a re-phasing of the
cyclic inputs to maximize control force and moment is
indicated.

Tables XI through XIV present preliminary comparisons of the
aircraft derivatives obtained using the present and former
rotor models. Because of the altered cyclic sensitivities
some of the control derivatives are changed and the control
system gains and schedules require reworking to provide
acceptable flying qualities. The controls-fixed derivatives

L., M, Nr, xu, Y Zw, for the 60 knot, i, = 75° condition

p’ 'q v'! N
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are comparable with the two models. The off-diagonal deriva-
tive, ¥y, side force due to roll rate, is changed in sign
compared to the present model. The reason for this has not
yet been established. For the 140 Kt, iy = 60° case (Tables
XI and XII), the principal derivatives Lg and 2y differ from
the former model. The source of these differences is vet

to be uncovered but a preliminary examination indicates that
the new model exhibits a higher sensitivity of thrust to
combinations of angle of attack and effective rpm changes
such as occur during rolling, than did the former model.
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5.0. CONCLUSIONS AND RECOMMENDATIONS

The objective of the study was to develop a functional repre-
sentation of a hingeless rotor based on extensive wind tunnel
data and to incorporate this representation into a real-time

simulation math model of a hingeless rotor XV-15. Changes in
flying qualities caused by the new rotor representation were

to be determined and noted.

Conclusions

1.

Fjvd'

. —

A mathematical representation of the rotor data was devel-
oped through a systematic curve-fitting approach. The
results show that the curve-fit eguations reproduce the
wind tunnel data very well.

The rotor equations were incorporated into the simulation
model. Preliminary evaluation of trim and derivative
data show that cyclic rephasing is required in order to
optimize the aircraft response to control. Stick-fixed
behavior of the aircraft is generally comparable to that
obtained using the former rotor representation.

Extensive plots of the rotor derivatives as functions

of the effective advance ratio have been presented.

These are of considerable value in themselves since they
may be used to assess rotor behavior for similar configu-
ratdons.

A curve-fit representation of the rotor, although lengthy,
satisfies the computational speed requirements of real-
time simulation just as well as the equations in a
functional representation. This is because the functional
representation, although simpler in form, involves comput-
er evaluations of transcendental functiones, e.g., Tan™ *x,
sina etc. which require as much time as the evaluation of
polynomials in the curve-fit approach.

An attempt was made to automate the process of data syn-
thesis using multivariable linear regression. 1In princi-
ple, if a sufficiently large number of candidate corre-
lates are available to the regression algorithm then a
successful synthesis should result. However, the likely
correlates must be supplied to the computer and the selec-
tion of the correct correlates requires a considerable
amount of skill, if not luck. The final equations produc-
ed by the regression, while they may fit the particular
set of data used, are not necessarily of a general enough
nature that they can be extended to other rotor configu-
rations by simply altering constants in the equations.

14
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Recommendations

1.

Probably the best overall approach to the problem of pro-
viding a fast, but general, algorithm for rotor represen-
tation in real-time simulation is to develop a simplified
analysis whose predictions can be calibrated against wind
tunnel data. These analytical predictions would then be
operated on by the calibration functions to produce esti-
mates of the rotor forces and moments. A step in this
direction was made in this study but more work is
required.

A further recommendation is that during the preparation
of wind tunnel test run schedules, every effort should

be made to select the runs so that the natural parameters
of the rotor are systematically varied over a broad enough
range that the data synthesis process is facilitated.

For example, when testing at different rotor shaft angles
at fixed airspeed, such as is required for transition
corridor definition, it is desirable to do this at a ser-
ies of fixed values of rotor rpm even though the aircraft
will not necessarily operate at some of the rpm values.
This will, however, ensure that data exists over a wide
enough range of values of u, usina, ucosa that curves may
be confidently drawn through points of constant psina,
for example, and equations fitted to them,

The final recommendation arises from the difficulties
experienced in extracting rotor derivatives from the
test data. The wind tunnel run schedule was purposely
designed to acquire rotor derivative data directly, by

making runs in which one control at a time was varied
while the cothers ware [ixed.

Unfortunately, during many of the runs, shifts in cyclic,
collective pitch or shaft angle occurred. This made the
job of extracting rotor derivatives very laborious since
each point had to be inspected to make sure that the
fixed controls had actually remained fixed during the
run. It is therefore recommended that in future tests of
this nature every effort should be made to ensure that
the control settings remain at the desired levels. This
may require the use of more complex and more accurate
rotor control systems than the simple position-feedback
system used in this test.
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